Abstract I discuss the work of Maor and Lahav (JCAP 0507:003, 2005), in which the inclusion of dark energy into the spherical collapse formalism is reviewed. Adopting a phenomenological approach, I consider the consequences of (a) allowing the dark energy to cluster, and, (b) including the dark energy in the virialization process. Both of these issues affect the final state of the system in a fundamental way. The results suggest a potentially differentiating signature between a true cosmological constant and a dynamic form of dark energy. This signature is unique in the sense that it does not depend on a measurement of the value of the equation of state of dark energy.
Introduction
One of the outstanding issues of cosmology is dark energy. The primary question is whether dark energy is a cosmological constant, or is it dynamical. In order to use inhomogeneity studies to probe dark energy, it is essential that we understand how the presence of dark energy affects the evolution of overdensities. Adopting a phenomenological approach, the aim of this work is to consider what are the effects on the evolution of inhomogeneities if the dark energy clusters, or, alternatively, if it participates in the virialization process. It is based on the work of Maor and Lahav [1] .
A fundamental tool in the analysis of inhomogeneities is the spherical collapse formalism, which dates back to Gunn and Gott [2] . It describes how a small spherical patch of homogeneous over-density decouples from the expansion of the universe, slows down, and eventually turns around and collapses. It is assumed that the collapse is not complete, thus it does not lead into a singularity. Instead, the system eventually virializes and stabilizes, having a finite size. The definition of the moment of virialization depends on energy considerations. The top hat spherical collapse is incorporated, for example, in the Press-Schecter [3] formalism. It is, therefore, widely used in present day interpretation of data sets. They pointed out a source of energy non-conservation in the case where dark energy is kept homogeneous, and suggested how to incorporate this energy non-conservation. Wang [12] considered another source of energy non-conservation, due to the fact that a homogeneous dark energy acts as a time-dependent, and hence non-conservative force.
The structure of this paper is as follows. Section 2 reviews the basics of the spherical collapse formalism. The procedure by which we define virialization of an overdensity is reviewed in Sect. 3. For non-clustering dark energy which is not a cosmological constant there are some problems regarding energy conservation, which are discussed in Sect. 4. Section 5 presents some results, and Sect. 6 is dedicated to concluding remarks.
Spherical Collapse
We take the background cosmology to be a flat FRW universe with two energy components. One is non-relativistic dust ρ m with pressure p m = 0 (for the sake of this discussion it is unimportant if this component is luminous or not). The second component is the dark energy, modeled as a perfect fluid with pressure p Q = wρ Q , w being the (constant) equation of state. The equations governing the background evolution are then
where a is the global scale factor. Within such a universe, we assume that there is a spherical perturbation in the matter density, with a flat (top hat) profile. ρ mc denotes the matter density within the perturbation. We assume that the initial perturbation is in the matter field only, though we will allow non-homogeneity to develop for the additional fluid. Following the spherical collapse formalism, the equations governing the evolution of the overdensity are similar to those of the background, with the global scale factor a replaced with the local scale factor R. The flatness condition is not held, because of the perturbation in the matter,
